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ABSTRACT  

Nuclear Science User Facilities developed an activation calculator as part of the Combined Material 

Experiment Toolbox project. The activation calculator estimates the radionuclide concentration in an 

irradiated sample to indicate when and where the samples may best be examined to only help with 

scoping the experiment. To verify the accuracy of the calculator, the results from the specific gamma dose 

rate [mrem/hr/g] at various cooldown times were compared to equivalent results generated in ORIGEN. 

Most elements were tested as a sample composed solely of that element. These samples were exposed to 

thirteen different lengths of irradiation in all reactor positions included in the calculator. For elements of 

interest (i.e., ones currently included in the Nuclear Fuels and Materials Library), 83% of the test cases 

fell within the allowed tolerance for this scoping tool of ±50%. The overall error is logarithmic with 

irradiation length and is almost completely independent of reactor position. The primary source of error is 

missing nuclear data and reactions. NSUF believes that the RAD Calculator can be deployed to the user 

community because it is designed to provide estimates to aid researchers in planning experiments, and 

users are cautioned about the limitations of the calculator. 
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Evaluation of the NSUF Reactor Activation and 
Damage (RAD) Calculator 

1. INTRODUCTION 

The Reactor Activation and Damage (RAD) calculator was developed as part of the Combined 

Material Experiment Toolbox (CoMET) under the Nuclear Science User Facilities (NSUF) program. The 

RAD calculator estimates radiation damage [displacements per atom (DPA)] and activation accumulated 

during nominal irradiation at select NSUF reactors to aid researchers in planning and scoping their NSUF 

projects for the irradiation and post-irradiation-examination phase. This report focuses on the activation 

calculation process and does not cover damage calculations; damage is covered in report INL/EXT-20-

58365 [1]. 

The calculator can be found at https://nsuf-infrastructure.inl.gov/Calculator. It starts by prompting the 

user for the material to be irradiated and the desired irradiation length or damage amount. Irradiation 

length is measured in effective nominal power days, as shown in Figure 1. After submitting these data, 

users are shown either the amount of time required to reach the desired damage, or the amount of damage 

induced for a specified irradiation length at various irradiation positions, as shown in Figure 2. Users may 

then initiate the activation calculation by selecting a specific position to display for the activity for that 

material irradiation (see Figure 3). 

 

 
Figure 1. The user input requesting the material to be irradiated and the desired amount of irradiation. 

https://nsuf-infrastructure.inl.gov/Calculator
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Figure 2. Example Output Showing Reactor Positions and Estimated Damage. 

 
Figure 3. The specific activity of a material irradiated in a reactor position, based on user input. 

The internal calculation process is shown in Figure 4. The user input is parsed and used to calculate 

radiation damage for various reactor positions. The user then selects a reactor position, sending data to the 

server regarding the position selected, the material, and the desired irradiation length. The calculator then 

activates the material via the method shown in Section 2.2. This solution of isotopic concentration is then 
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decayed through the same method. The isotopics are then used to find the total specific activity and 

gamma dose rate and present them to the user. 

 

 

 
Figure 4. Block diagram of how the RAD calculator works and the interactions between client and server. 

2. BACKGROUND  

2.1 Theoretical  Basis and Analytical Solution  

The concentration of nuclide Ὥ in a neutron flux (‰) is governed by the ordinary differential equation 

(ODE): 

  

 В ‗O ὔ ὸ ᷿ „O Ὁὔ ὸ‰ὉὨὉ В ‗O ὔ ὸ ᷿ „O Ὁὔ ὸ‰ὉὨὉ  

(1) 

Where: 

¶ ὔ is the isotopic concentration for isotope Ὥ   

¶ ‗ᴼ  is the radioactive decay constant for isotope ὼ decaying to isotope ώ [ί  

¶  „ᴼ  is the microscopic cross section of isotope ὼ for the (n,X) reaction to produce isotope 

ώ [ὦὥὶὲίȟὦ]  

¶ ‰ is the scalar neutron flux [ ]  

¶ Ὁ is the neutron energy [eV] [2]. 

It should be noted that the flux is temporally- and spatially- independent, and therefore implicitly 

includes the following assumptions: 

1. The sample of interest is sufficiently small with respect to the mean free path of the neutron, 

such that flux gradients within the sample are negligible. 

2. The scalar flux is constant over time, and there are no outages or power variations. 

3. Although not required, it is commonly assumed the sample is, in effect, infinitely dilute, such 

that it in no way perturbs the flux and has no self-shielding effects.  
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From this ODE, it becomes apparent there exists a system of coupled ODEs that cannot be solved in a 

de-coupled way, due to the coupling of nuclide concentrations in the same activation and decay chain. 

This problem is well-suited for linear algebra: ὔ are combined into concentration vector ὔᴆ. A 

transmutation matrix, Ὂ, which contains the specific reaction rates, can be constructed such that [3]: 

 

‬ὔᴆ

‬ὸ
Ὂὔᴆὸ 

(2) 

 

If ὔᴆὸ πḯὔᴆ, this ODE has a simple analytical solution: 

 

ὔᴆὸ Ὡ ὔᴆ (3) 

 

However, this solution must be used with caution, as each method for the numerical approximation of 

a matrixôs exponential is only convergent for specific Eigen-spaces [3]. 

 

2.2 Implemented Solution Method  

2.2.1 Nuclear Data Resources  

The current implementation of the activation calculator solves this system of material-activation 

ODEs through the Chebyshev Rational Approximation Method (CRAM), which numerically 

approximates the matrix exponential, among other functions [4].  

The reactor fluxes were generated via an MCNP [5] model of a nominal loading for each reactor. 

These fluxes are stored in a 252-group structure first established for use in the SCALE-6.2.3 code suite 

[2]. All cross sections were doppler-broadened to 600 K, then collapsed from point-wise cross sections 

into the aforementioned group structure using NJOY, a nuclear data processing code [6]. The nuclear data 

came from ENDF/B-VIII.0  [7], JEFF-3.2 [8], or TENDL-2017 [9]. The data were used in that order 

dependent on the availability of these data. During the group cross-section collapse a fission spectrum 

was assumed for fast neutrons, a  flux was assumed for epithermal neutrons, and a 600 K (327 C, 628 F) 

Maxwellian distribution was assumed for thermal neutrons. 

Prior to solving, the material isotopics are generated according to the weight fractions of the material 

composition supplied by the user, combined with the naturally occurring isotopics for each element [10]. 

These are stored as concentrations in atoms per gram of material. The decay chains are recursively built 

with a maximum recursion depth of 25 reactions. 

The total number of days spent in the reactor is equal to the days of irradiation plus the inter-cycle 

outages. The irradiation length is a measure of the effective nominal power days. Nominal power is used 

instead of full power, since the Advanced Test Reactor (ATR) rarely runs at full power. Nominal power 

for the ATR is assumed to be 22 MW per lobe [11].  

 

2.2.2 Building the Transmutation Matri ces 

Activation and decay reactions are both required for a proper material activation solution, but only 

decay reactions are needed for the decay cooldown periods. As a result, two transmutation matrices are 

created: one filled solely with activation reactions, the other filled solely with decay reactions. For the 

activation step, the activation and decay matrices are combined into a single transmutation matrix. These 

matrices are ὔ ὔ matrices, where ὔ is the number of isotopes. Since not every isotope has a reaction 

that can produce every other isotope, the matrix is relatively sparse. However, the matrices are stored as 

dense matrices because the chosen matrix solver can only work on dense matrices. Each cell in the matrix 

is filled according to: 
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Ὢȟ
ὰȟ‗ „O ɮȟ Ὥ Ὦ

‗  „ɮȟ Ὥ Ὦ
 (4)  

  

Where: 

¶ ὰ is the decay branching ratio of isotope Ὦ decaying to isotope Ὥ  
¶ ‗ is the decay constant for isotope Ὦ [ί ] 

¶ „O  is the cross section for the reaction producing isotope Ὥ from isotope Ὦ [b] 

¶ „ is the total absorption cross section for isotope Ὥ 

¶ ɮ is the scalar flux [  [2]. 

The li st of isotopes of interest is compiled beforehand by recursively building the activation/decay 

chain from the naturally occurring isotopes in the sample. The recursion is limited to a depth of 25 

reactions. The matrix solver is more efficient if the transmutation matrix is an upper triangular matrix. 

The isotopes are sorted to form the transmutation matrices as close to this as is there is no way to form a 

truly upper triangular matrix with these data. This is done by sorting them in ascending order according to 

their ZAID number; namely, Z (atomic number)*10,000 + A (atomic mass)*10 + I (isomeric state). This 

gets the matrix as close to an upper triangular form as possible. This system makes it so that the (ὲȟ‎) 
activations, which are common, are represented just below the matrix diagonal.  

 

2.2.3 Solving the Matrix Exponential with a Rational Approximation.  

There are many ways to solve the matrix exponential. For those eigenspaces the transmutation 

matrices would occupy, CRAM is an extremely accurate and fast approximation. It was shown that the 

error of the solution was relatively unimpacted by the material composition and irradiation time step 

used [3].  

The goal of CRAM is to find a rational function of polynomials that approximates the exponential 

function. Since this is a function based on polynomials, all that needs to be found are the coefficients for 

these polynomials. Once found, they can be applied to any other similar problem. The function to be 

found is of the form:  

ὶȟ ᾀ
ὴ

ή
 

(5) 

 

Where: 

¶ ὶȟ is the rational function that will approximate the matrix exponential 

¶ ὴ and ή are both polynomials of order Ὧ 

¶ ᾀ is an arbitrary input. 

The partial fraction decomposition of this arbitrary rational function can then be simplified as: 

ὶȟ ᾀ ‌
‌

ᾀ —
 

(6) 

 

Where: 

¶ ‌ is the limit of ὶȟ as ᾀ approaches infinity 
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¶ ‌ is the residue at corresponding pole —. 

Since, the poles of a rational function with real-valued coefficients form conjugate pairs, only half of 

the values need to be computed: 

Òȟװᾀ ɻ ς2Å
ɻ

ᾀ ʃ

Ⱦ

 (7) װװ

Substituting Equation 3 into Equation 7 then yields: 

ὲὸ ‌ὲ ς2Å

ở

Ở
ờ

‌ ὃὸ —Ὅ ὲ

Ợ

ỡ
Ỡ

 

(8) 

 

The coefficients must now be calculated. Fortunately, Dr. Maria Pusa completed this for a rational 

function of orders 14 and 16 [4]. A rational function of order 16 is used in the calculator. 

The coefficients tabulated by Pusa are complex numbers. In addition, it is faster to solve a matrix 

system of equations than to invert a matrix. So, a linear algebra library capable of solving complex matrix 

equations was needed. This web application was written in C#, so Math.net Numerics [12] was used to 

handle the linear algebra, with complex numbers represented by the Complex Struct in System.Numerics. 

The Complex Struct stores both the imaginary and real parts of the number as double-precision floating-

points [13]. 

The activation and decay transmutation matrices are added together for the irradiation. Then, the 

isotopic quantities are calculated for the whole irradiation length in a single step. Next, the decays are 

calculated solely through the decay matrix. The decay matrix is used four times to calculate the isotopic 

concentrations for each decay length displayed to users.  

2.3 Acceptance  Criterion  

The metric of success used in this report is the percentage of test cases run where the results of that 

run were within υπϷ of the output for the same input conditions run in the ORIGEN module of 

SCALE-6.2.3. In the NSUF Combined Material Experiment Toolbox (CoMET) Project Implementation 

Plan, INL/EXT-19-53000, the acceptance criterion is defined as follows:  

The calculator shall be within ±50% of the correct answer, with conservative biases preferred. In 

this case, overpredicting the gamma dose rate and activity would be conservative. If an element does 

not fall within these bounds, the user must be warned of the inaccuracy. 

This step ensures that the users are cautioned in the cases where the calculator compares poorly to 

ORIGEN.  The 50% tolerance is based on the mission of the RAD Calculator: to be a scoping tool to aid 

researchers in planning an irradiation experiment and the associated post-irradiation examination.  It is 

not intended to replace the formal analyses performed by the technical staff at the relevant NSUF partner 

institutions.  Those analyses help ensure the safety of the experiment.  The RAD Calculator is only a tool 

to aid in planning. 

2.4 Reactor Power Levels Used  

Assumptions needed to be made about the nominal power levels for the reactors included in the 

calculator, and their operating cycles. These data are provided in Table 1. 
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Table 1 Power levels and operating cycles used by the calculator for the included reactors. 

Reactor Power Level [MWth] Cycle Length [days] Effective Full Power Days per year 

ATR 110 (22/lobe) 55 180 

HFIR 85 27 189 

MITR 6 63 252 

PULSTAR 1 87* 87* 

*PULSTAR Does not operate 24 hours day. This is calculated assuming they operate every workday including 

holidays. 
 

2.5 Potential  Failure Modes  

Four main failure modes were found during the investigation of the set of out-of-tolerance results. 

These can occur independently or in multi-mode failures. The modes are (1) overproducing the daughter 

products, (2) underproducing the daughter products, (3) missing a long-lived daughter product, and (4) 

missing a short-lived daughter product.  

2.5.1 Time-Invariant  Failure Modes  

Many of the elementsô activities over- or undershoot the actual activity. In an independent failure 

without missing isotopes, this is characterized by an error rate that does not vary in accordance with 

cooldown time. This is because the initial quantity to decay is wrong, but the decaying proceeds properly, 

thereby maintaining the error as a constant multiple between the two decay curves. This is likely caused 

by missing cross sections. If the nuclear data for an important reaction are wrong or missing, the incorrect 

reaction rate shifts the solution. If a competing reaction for an intermediary product is missing, the 

equilibrium concentration for that product will be too high, leading to errors in the final solution. 

2.5.2 Time-Variant Failure  Modes  

A missing radioisotope in the activation/decay chain is characterized by a time-variant error in the 

results. This time-variant error during cooldown is caused by the isotopes decaying at different rates and 

causing the magnitude of the error to grow or shrink.  

¶ If the magnitude of error increases over time, this is caused by a missing long-lived isotope as 

the shorter-lived isotopes decay, leaving very little radioactive material with respect to the 

benchmark solution.  

¶ If the magnitude of error decreases over time, this is caused by a missing short-lived isotope. 

The short-lived isotope decays and has a lesser impact on the solution over time.  
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3. ANALYSIS  

3.1 Benchmark  Validation Against ORIGEN  

A benchmark case was generated using the ORIGEN module in SCALE 6.2.3 [14]. This benchmark 

calculated the activation and subsequent decay for 81 elements using each elementôs natural isotopics. It 

reported the specific gamma dose rate [mrem/hr/g] at 30 cm from the sample, for 30, 60, 90, and 180 days 

after irradiation. All data were collected via a custom python [15] script that automatically queried the 

RAD Calculator website and scraped the necessary data. The script also automatically ran SCALE 6.2.3 

and parsed the output. NSUFôs access to the INL high-performance computing resources was utilized to 

increase the speed of this large set of calculations. The same fluxes used by the calculator were used to 

produce the reaction-rate libraries for ORIGEN using the COUPLE module in SCALE.  

The python script used gamma-factor data from the calculator to calculate the gamma dose rate at 30 

cm. The calculator does not track metastable isomers; rather, it assumes all the atoms of an isotope are in 

one isomeric state. This state is chosen based on which one (ground or metastable) most contributes to the 

specific gamma dose rate. ORIGEN tracks specific isomers, and only those with a gamma factor in the 

calculator were used. This may lead to the ORIGEN benchmark slightly overpredicting the specific 

gamma dose rate, but this is negligible compared to the desired 50% accuracy threshold set for the 

calculator.  

Data were collected for all 81 elements and all positions included in the calculator for the following 

irradiation times: 0.1, 1, 7.5, 15, 30, 60, 120, 180, 240, 360, 480, 720, and 960 days. These time steps 

were chosen in order to provide ample coverage for most of the logarithmic decades considered by the 

calculator. The elements excluded were synthetic elements (e.g., technetium), or elements with an atomic 

number greater than that of bismuth (83). Technically, some elements with atomic numbers higher than 

that of bismuth are naturally occurring, but they exist in such vanishingly small quantities that a natural 

source cannot be used, and they would have to be synthesized. These elements are excluded because the 

exact isotopics need to be known and would have to be user-supplied. Thorium and uranium are excluded 

for the same reason ð being so commonly enriched as to make it very ambiguous what the user intended 

for them. Figure 5 ï 8 show maps for the reactor cores included in the calculator. 
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Figure 5. Core map for the ATR showing positions included in the calculator. The positions in red are those included in the 

calculator. The core is quadrant symmetric, so representative positions were used. 

 

 

Figure 6. Core map for the High Flux Isotope Reactor (HFIR).  The positions in red are included in the calculator and were 

chosen as representative positions. 
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Figure 7. Core map for the Massachusetts Institute of Technology Reactor-II (MITR-II).  The positions in red are those included 

in the calculator. 

 

Figure 8. Core map for North Carolina State University's PULSTAR Reactor. The position in red is included in the 

calculator 
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Another python script was used to compare all conditions of irradiation length, reactor position, the 

element irradiated, and the cooldown time between the RAD calculator and the ORIGEN benchmark. 

These comparisons were done by calculating the percent difference from ORIGEN, such that a positive 

value means the RAD calculator overpredicted the dose rate, and a negative value means it 

underpredicted the dose rate. 

Initial analysis was completed by determining the amount of materials which were within tolerance. 

This was done by having a moving tolerance threshold and finding all test cases that did not meet this 

accuracy threshold. Various acceptance thresholds were set; these were 0%, 10%, é, 90%, and 100%. 

For each of these thresholds, it was found how many of the tests were not within that threshold (e.g. 10%) 

of the answer generated by ORIGEN.   In many cases, unnecessary errors were due to different minimum 

cutoff thresholds. To prevent this from causing misleading errors, a high-pass filter of 0.1 mrem/hr/g was 

used for the ORIGEN benchmark. This was chosen since 1 kg of samples would exceed the typical 

facility limit of 100 mrem/hr at 30 cm.  

Initially, this analysis was performed by viewing irradiation length as the independent variable, 

shown in Figure 9. In this figure, each color band represents a looser acceptance criterion when going 

from green to red to magenta. The first dark green band represents an acceptance threshold of 0%. All 

tests have an error greater than or equal to 0% so this forms a line at 100%. The next band down 

represents an acceptance criterion of 10%, and so on and so forth. The red band illustrates an acceptance 

criterion of υπϷ, which is the criterion used for the RAD calculator. One sees a logarithmic 

relationship between irradiation length and the error. This suggests there are no divergent solutions or 

other errors caused by the solver itself. The error is likely caused by missing nuclear reaction data. To test 

this, there should be a strong correlation between error and elements irradiated. 

 

 
Figure 9. Accuracy of the RAD calculator when compared to ORIGEN based on simulated irradiation length.  Each color band 

represents a range of absolute percent differences between the RAD calculator and ORIGEN. The y-axis is the proportion of 

cases falling within these various tolerance bands. A high-pass filter of 0.1 mrem/hr/g for the ORIGEN test case was applied to 

remove the effects of different cutoff thresholds. 

In Figure 10, this hypothesis was tested by comparing these error rates for each element tested. A 

similar plotting system was used in this figure as was used in Figure 9.  For example, titanium has a 

single dark green bar in the range 0% ï 100%. This means that for all test cases titanium had an error of 
























